Introduction
Although technologies have advanced significantly since the first approval was given for a clinical trial of a gene therapy product in 1990, many challenges remain. 1 Among them is the need for fast, simple and inexpensive downstream processing methodologies to purify biologically active vectors for transfer of therapeutic genetic material into recipients. Both viral and nonviral vectors are in various stages of gene therapy clinical trials. The majority are viral vectors (see Table 1 ), and it is this category to which we will address our discussion of downstream processing.
It is still difficult to estimate the quantities of viral vectors needed to satisfy the demands of gene therapy regimens. Predictions have ranged from 10 11 to 10 14 particles, with annual productivity requirements variously projected in the range 10 3 This figures will likely increase dramatically as the number of patients who could benefit from treatment based on gene therapy increases. 4 The availability of large-scale processes capable of generating vectors with levels of purity and biological activity that satisfy regulatory standards is therefore an urgent prerequisite for gene therapy applications. For any purification process, maximal productivity is a key issue. Additionally, the protocol should be robust, scalable, cost effective and preferably generic in scope, with broad applicability to a variety of viral vectors.
The development and validation of large-scale viral vector downstream processing strategies will require an intimate understanding of the physical, chemical and biological characteristics of viruses that can be exploited in these processes. 5 Viruses far exceed the dimension of proteins used in pharmaceutical applications with respect to weight and size. Therefore, it cannot be simply a matter of 'plugging' viruses into existing protein purification schemes and expecting adequate results.
This review discusses general purification methods for viral vectors and vaccines and provides a summary of techniques used for downstream processing of recombinant retroviruses, adenoviruses and adeno-associated viruses (AAVs). Although our discussion is limited to downstream processes, it is worthwhile for the reader to keep in mind that process development for production of viral gene therapy vectors and vaccines, in fact, consists of three integrated stages -upstream processing (selection of appropriate producer cell culture lines), defining optimal growth conditions and downstream processing (isolation and purification steps). 6 As downstream operations are greatly impacted by the presence of impurities and contaminants in the virus-containing lysates funneled into them, and because they account for as much as 70% of production costs, it is important that all phases of process development be designed in tandem. 3 
Purification methods based on virus properties
Downstream processing is aimed at eliminating contaminants originating from host cells or culture media and producing large volumes of concentrated, biologically active viruses that are highly efficient in gene transfer. As impurities and contaminants can induce immunological and biological responses, they must be removed to comply with strict regulatory guidelines. For viruses, there are additional requirements to separate infective vectors from noninfective and/or empty capsids. 3 Characteristics such as pI, surface hydrophobicity, the presence or absence of an envelope, hydrodynamic diameter and lability of virus particles can play important roles in determining what methods might be applicable for purification. 5 Size is the characteristic most convenient for separating viruses from the cells and media in which they have been propagated.
Viruses are quite large when compared with biomolecules such as proteins, peptides, glycoproteins, sugars and nucleic acids that are inevitably present in lysates harvested from virus-infected cells. In fact, viruses really should be considered molecular assemblies. While proteins typically range from 0.005 to 0.08 Â 10 6 Da, viruses generally exceed 5 Â 10 6 Da and can have a size of up to 1000 nm.
Purification strategies based on viral size have included a variety of methods such as density-gradient ultracentrifugation, ultrafiltration, precipitation, twophase extraction systems and size exclusion chromatography (SEC). Several of the more commonly used procedures are discussed below.
High-speed preparative centrifugation (ultracentrifugation), using cesium chloride (CsCl) or sucrose gradients, has traditionally been used to process many viral vector preparations. Iodixanol gradients have also been used, for example, for adenovirus vector purification. 7 The transduction ability of some retroviruses is significantly lessened when the viruses are purified by gradient centrifugation, so relative lability of virus particles to shear forces must be considered. 8 In general, gradient centrifugation is considered to be chemically and physically appropriate for even labile viral particles; however, it is labor-intensive, time-consuming and scalerestricted. Additionally, virus particles may suffer a cumulative loss of infectivity during the extended period of time required for fractionation of the gradients. As virus sedimentation behavior falls within a range, other particulate contaminants like cellular host cell DNA are likely to have similar physical characteristics. 5 For downstream purification of viral vectors, ultracentrifugation has become a less and less frequent method of choice.
For some viruses, precipitation with chemicals, such as polyethylene glycol (PEG), 9 ammonium sulfate or calcium phosphate, 10 has been useful in promoting viral aggregation with subsequent removal by low-speed centrifugation. However, impurities or polymers may co-precipitate along with viral particles, 5 and unfortunately some viruses may lose infectivity, possibly due to changes in osmotic pressure. 11 Furthermore, it has been reported that aqueous twophase separation systems with PEG, dextran or polyvinyl alcohol have been used successfully to separate viral particles from cellular components, but high costs in the recycling of the organic solutions have hindered this technique to become used widely so far. 12 Membrane-based tangential flow filtration techniques, in particular ultrafiltration and microfiltration, are applicable in the downstream process for purification of viruses for vaccine production. Especially the openflow path of the hollow-fiber crossflow membranes promotes gentle handling of virus particles and shearsensitive proteins, so virus structural integrity is not compromised. This makes the downstream process especially applicable for sensitive molecules. 13 Membrane filtration has also been used successfully for concentration and partial purification of retroviral particles. 5, 8 Using a two-step process of microfiltration through 0.45-mm membranes, followed by ultra/dialfiltration through membranes with a 300 000 MWCO, where the virus is recovered in the dialyzed retentate, Braas et al 5 achieved partial purification, concentration and salt depletion of retroviral preparations. While membrane filtration is an attractive procedure, there are problems with membrane fouling and, at high pressures, loss of viral infectivity, possibly due to shear forces that may act on the viral envelope. In addition, since separation is based on size differences, large molecular weight transduction inhibitors are coconcentrated with the viral particles, resulting in a reduction in viral transduction efficiencies.
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Viruses can also be separated from crude cell lysates by SEC. For example, retroviruses, which are typically in the order of 100 nm in diameter, have been separated from smaller biomolecules using crosslinked agarose SEC media. When Moloney murine leukemia virus was purified by SEC, yields were greater, viral envelope glycoprotein was conserved and virus particles retained a higher level of infectivity when compared with conventional sucrose gradient ultracentrifugation techniques.
14 If used in group separation mode, feed volumes of up to 30% of the column volume can be applied, which makes SEC even suitable for the initial steps within the downstream process. As with membrane filtration, separation from high molecular weight components, such as proteoglycans or cellular genomic DNA, is difficult to achieve with SEC. 
Chromatography-based virus purification strategies
Virus purification protocols that are more amenable to scale-up generally involve some type of chromatographic procedure. Adsorption of virus particles to solid phases, in fact, provides a convenient and practical choice for fractionating and recovering viruses from cell and media contaminants. While they are somewhat imperfect in their selectivity, adsorption methods do offer several important advantages in large-scale virus purification: (1) high flow rates can be used, thus limiting the processing time, (2) biological activity of labile viruses is often preserved, since mild conditions are generally used to elute the virus from the chromatographic matrix, (3) scale-up is relatively easy, (4) large volumes of cell lysates can be processed and (5) the cost of operation is relatively low. 11 However, it is important to remember that the design of suitable selective chromatographic protocols for virus purification must take into account the structure and physical and chemical surface properties of the viruses. 5 Although viruses contain proteins, they are not exclusively protein in nature. Consequently, proven protein chromatographic methods may require extensive modification to accommodate virus purification.
Solid-phase bases of current commercially available chromatography media consist of particles ranging in size from 15 to 300 mm, with pore diameters of 30-400 nm. Viruses diffuse much more slowly than proteins in solution. In fact, proteins move about two-to 100-fold more quickly in solution than large particulates like viruses and plasmid DNA. 15 Unlike proteins, virus binding occurs primarily on the bead surfaces since viral particles are too large to diffuse into the pores. Any binding within the bead will only reduce yield since virus recovery is unlikely and unpredictable. Additionally, the hydrodynamic diameters of viruses are large, and some viruses (such as rotavirus with a hydrodynamic diameter of B130 nm) are also very 'hygroscopic'. 16 Chromatographic conditions must therefore be optimized to promote binding of slowly diffusing virus particles to the limited number of sites on the bead surface in the midst of much smaller and faster diffusing competing contaminants -for example, by carefully optimizing flow rates during adsorption and desorption. Future developments in media structure/chemistry will most likely be geared toward increasing bead capacity either through use of small diameter beads, beads with increased surface area or beads of different porosity to allow mass movement of virus particles into and out of the bead pores.
As with any virus purification method, stability problems can hamper production. Viruses differ widely in their stability. As 'giant' molecules, they are more likely to shear even at low flow velocities because they are often nonspherical and too large to fit into the 'pockets' described by the Komolgrov model for liquid shear forces. If the virus particle attaches to the matrix at multiple points, this may also contribute to shear. The lability of some viruses, such as retroviral vectors, may limit their chromatographic processing to a neutral pH range, moderate ionic strength, aqueous solvent systems and reduced operating temperatures. 5 In contrast, nonenveloped viruses are often harder in terms of their ability to withstand conditions normally used in chromatography.
The various selective binding chemistries that have been used for chromatographic purification of viral vectors -affinity, ion exchange and hydrophobic interaction -all relate to the surface chemistry of the virus particle. 5 For viruses that retain stable over a large pH range, adjustment of the pH of the feed suspension will modify the charge on the virus surface and affect its binding. Consequently, anion and cation exchange media or charged membranes can be used to adsorb selectively the virus particles in the presence of other charged contaminants. 17 For example, at neutral pH, the surface of adenovirus particles predominately has a negative net charge and therefore will selectively bind to anion exchange media. 18 Processes based on ion exchange media have, in fact, been used in a number of virus preparations for conventional vaccine and gene therapy clinical trials. 3 The relative surface charge of a viral particle at a given pH can be determined by preparing an electrophoretic titration curve or by capillary isoelectric focusing. 19 Affinity chromatography is a separation method based on specific and reversible binding between two molecules. In the case of immunoaffinity chromatography, binding occurs between an antigen and a matrix-bound antibody that will recognize a structural surface component on the virus. This procedure can render high viral yield in a single purification step, thus simplifying the following downstream process. 20 However, the high costs associated with antibody purification and immobilization may be prohibitive for industrial-scale use.
Affinity chromatography methods have been used for purification of several viral vectors. For example, adeno-AAV was purified to 499% purity using a heparin affinity column. The procedure also resulted in a lower number of transfection-deficient viral vectors. 7 Grimm et al 21 also reported the purification of recombinant AAV (rAAV) with an antibody that specifically recognizes only assembled virions.
In practice, chromatographic purification schemes are usually multistep in nature and are often combined with some type of size-based separation procedure. For example, by a sequence of membrane ultrafiltration, SEC in group separation mode followed by an anion exchange chromatography in negative mode, human influenza virus could be purified to a level of purity that is compatible with traditional preparations based on density-gradient centrifugation, a technique that is currently accepted by pharmaceutical regulations. 13 By combining purification steps based on different techniques, it is often possible to achieve a high degree of virus purity combined with high concentrations.
Downstream processing of viral vectors
Viral vectors derived from retroviruses, adenovirus and AAV are used in more than half of the clinical gene therapy trials worldwide (see Table 1 ). The discussion below focuses on these vectors and how researchers have approached their purification. Although discussing only retroviruses, Andreadis stresses five criteria important in selecting appropriate methods for virus concentration and purification: (i) capacity for processing large volumes of viral preparations with high yield, (ii) preservation of viral stability, (iii) easy scale-up, (iv) low cost of operation and (v) production of a final product that meets the Food and Drug Administration (FDA) standards for biological therapeutics. These criteria are addressed in the discussion that follows.
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Retroviruses
Retroviruses are enveloped RNA tumor viruses consisting of 80-100 nm spherical particles. Recombinant
S105
retroviruses are the most prevalent type of vector used in gene therapy clinical trials today (see Table 1 ). Unlike most other gene therapy vectors, retroviruses infect only dividing cells so that their transduction efficiency is low. For this reason, large volumes of retroviral stocks containing a high proportion of infective particles are necessary for therapeutic use.
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A major problem confronting large-scale retrovirus production and even in vivo therapeutic use is the stability of the viruses. Consequently, production schemes must be concerned with maintaining viral stability. For example, retroviral particles are sensitive to various detergents and ionic and pH conditions. Shear forces generated during purification steps involving filtration or chromatography may cause shedding of the viral envelope, thus affecting infectivity. 22 Frequent freeze-thaw cycles, temperatures above 371C and pH values either below or above 7 have been shown to destabilize MuLV and HIV-1. 23 Traditional methods for concentration and purification of retroviruses have included gradient centrifugation through sucrose or CsCl.
11 These methods are not only laborious and difficult to scale up but they can also destroy the transduction ability of retroviruses. 8 Some investigators have used precipitating (PEG) 9 and/or complexing additives in conjunction 24 with low-speed centrifugation to concentrate retroviruses from cell culture supernatants and thus improve titers. However, impurities are likely to co-precipitate, thus limiting the use of these methods. Membrane ultrafiltration (100 000-300 000 molecular weight cutoff) has also been used to concentrate and partially purify retroviral particles from large volumes of viral particles. 5, 8 Submicron-size retroviruses have been separated from cell and media contaminants by SEC. Studies more than 25 years ago showed that the viral glycoprotein of retroviruses was conserved when they were chromatographically purified on Sepharose 4B (Amersham Biosciences), with increased recovery of biological infectivity.
14 Nowadays, this type of media has been replaced by more rigid resins like Sepharose 6 FF or Sepharose 4 FF (Amersham Biosciences). 13 While ion exchange and affinity chromatography can be used for retroviral purification and offer high selectivity and generally mild desorption conditions, the low concentration of the virus is often unfavorable for binding to the resin. Additionally, flow rates and elution conditions are critical in maintaining structural and biological integrity of the viruses. However, Kuiper et al 25 did achieve purification of a MuLV-based gene therapy vector using microfiltration in conjunction with chromatography using a ceramic hydroxyapatite resin.
Lentiviruses
Lentiviral vectors derived from HIV are a subclass of retroviruses that can infect both proliferating and nonproliferating cells. They are extremely efficient vehicles for delivering genes into the brain and hold great promise for future gene therapy of neurodegenerative disorders. 26 Zhang et al 27 describes the harvesting of lentiviruses by ultracentrifugation at 50 000 g for 2 h. However, because rotor capacity at these speeds is limited, virus preparation is laborious and time-consuming, and there is a risk of vector damage associated with prolonged handling. For example, to process 3 l of viral supernatant requires 18 rounds of centrifugation and more than 50 h. When viral supernatants from cells were pretreated with poly-L-lysine (PLL), virus particles bound to the PLL, and the complexes could be removed by low-speed centrifugation. With this procedure, 3 l of viral supernatant could be concentrated in one round of centrifugation over a period of 2 h. As the processing scheme is rapid with no deleterious effect on gene transfer efficiencies, it is likely to be relevant for in vivo gene transfer studies.
Using serum-free culture conditions, Reiser 28 prepared concentrated stocks (50-to 300-fold) of lentiviral vectors pseudotyped with alternative Env proteins. The modified virus retained full infectivity, with titers of up to 10 9 transducing units/ml, after ultracentrifugation or ultrafiltration, thus opening up the possibility for large-scale generation of highly concentrated lentiviral vectors for gene therapeutical applications.
Purification of gp120-depleted HIV-1 particles by anion exchange chromatography resulted in the recovery of a homogeneous preparation of highly pure, intact viral particles. The chromatographic conditions had no effect on viral infectivity or structural integrity and composition of the virus, as evidenced by retention of envelope proteins, lipid bilayer and core components. Preparations derived by anion exchange were equivalent in purity and infectivity to those purified by sucrose density gradients. Large-scale processing based on ion exchange chromatography could thus provide the high titers of virus necessary for gene therapy applications. 29 
Adenoviruses
Adenoviruses are large (B65-80 nm) nonenveloped double-stranded DNA viruses 30 exhibiting a wide tissue tropism and high transduction efficiencies 31 and are currently used in about 25% of gene therapy protocols (Table 1) , targeting mainly cancer diseases. 32 Efficient, cost-effective, scalable production and purification processes are thus needed to satisfy the demands for adenovirus vectors for clinical use.
Adenoviruses are highly stable and have traditionally been purified by two rounds of CsCl density-gradient ultracentrifugation that follow multiple freeze-thaw cycles to lyse infected cells. Purified preparations containing 10 12 virus particles/ml can be obtained easily. 33 While gradient centrifugation can generate small-scale clinical grade lots, it is not linear scalable. 32 In contrast, column chromatography is an attractive alternative that is scalable, flexible and able to meet cGMP requirements. It is considerably faster -5 h compared with about 24 h for CsCl -so more vectors can be purified per time unit. Only relatively inexpensive buffers and salts are used, and therefore validating the removal of CsCl from the vector preparation is not an issue. Column chromatography also appears to be more effective in removing residual contaminating viral components that can induce an immune response in vivo and thus negate the therapeutic potential of adenovirusbased gene therapy. 31 As discussed earlier in this review, chromatographic purification of virus particles mainly exploits their size, surface charge or specific receptor binding properties. Owing to their large size, adenovirus particles bind only to the surface of the chromatography resin. Consequently, beads with flexible, elongated spacers in 34 A number of chromatography-based methodologies have been reported for purification of adenoviruses, and these invariably yield product that is comparable to or even greater in purity and yield than CsCl-processed preparations.
Kamen and Henry 32 combined ion exchange chromatography with SEC to recover 99% pure adenovirus from a 20-l suspension culture production. Lysates were prepared by osmotic shock, treated with DNAse, centrifuged, conditioned and filtered, and then applied to the ion exchange column. Prior to the size exclusion polishing step, the column eluate was concentrated by ultrafiltration at which point some virus loss occurred, presumably due to aggregation. They successfully scaled the process up to accommodate 100 l of cell lysate.
In another report, a tandem column chromatography process was designed in which adenovirus was first captured on a DEAE anion exchange media. 31 Any residual host and viral proteins in the column eluate were subsequently removed on a second column of PolyFlo medium (Puresyn Inc., Malvern, PA, USA). By adjusting the final concentration of isopropanol to 10% in the eluate of the DEAE step, intact virus did not bind to PolyFlo, while host and viral-free proteins did. The tandem DEAE/PF-FT purification process was efficient, scalable and yielded biologically active adenovirus suitable for clinical use. The process was complete in less than 1 day in comparison to gradient centrifugation, which required 2 days. 31 Huygue et al 18 also used anion exchange chromatography for capture and purification of type 5 adenovirus, but in this case, it has been combined with immobilized metal affinity chromatography in order to produce highquality adenovirus. In addition, the prior treatment of the cell lysates with nuclease removed contaminating genomic DNA and improved the performance of the chromatographic process in terms of yield and purity.
Adeno-associated viruses
AAV are small, single-stranded DNA viruses that establish a latent, nonproductive infection in vivo and require superinfection with a helper virus (eg adenovirus or herpesvirus) for efficient productive replication. 35 There are currently eight immunologically distinct serotypes of AAV; these vary in their tissue tropism, a feature that has been used in several purification schemes. rAAV have shown great promise in gene therapy, especially for disorders that affect the liver. 36 Their popularity as gene therapy vectors is based on several of their characteristics -they do not induce an immune response toward viral components; they can integrate into human chromosome 19; they do not require actively dividing cells for transduction; and they are nonpathogenic. 35 Consequently, many clinical trials are in progress using these vectors. As with other gene therapy vectors, the clinical demand for AAV vectors currently exceeds production capabilities.
Like for adenovirus, traditionally AAV vectors have been purified from cell lysates using several rounds of density-gradient centrifugation (CsCl or iodixanol), an approach that results in vector preparations that are often contaminated with impurities that can cause local inflammation in vivo. [35] [36] [37] Owing to these problems, a great deal of effort has gone into the development of chromatographic procedures for AAV purification. These methodologies provide AAV vectors of high purity and infectivity. The majority of the procedures described thus far have focused primarily on the use of affinity and ion exchange chromatography. Regardless of the nature of the chromatographic method, the overall goal is the development of a process that requires only minimal initial treatment of cell lysates, while yielding a final product that is pure and biologically potent.
The identification of AAV receptors and vector-specific reagents has led to the development of purification protocols for rAAV vectors by affinity matrix chromatography. 38 For example, heparin sulfate proteoglycan has been identified as a cellular receptor for AAV-2 39 and 2,3-linked sialic acid is required for AAV-5 entry. 40 Consequently, heparin and mucin affinity columns have been used to recover high yields of AAV-2 and AAV-5, respectively, from cell lysates. While some of these procedures have required pretreatment of the lysates by iodixanol gradient centrifugation 7 or with detergents or enzymes, 41 others have yielded highly pure vector in a single step. 40 Grimm et al 21 also reported the use of an immunoaffinity chromatography procedure using monoclonal antibody generated against AAV structural proteins. The one-step procedure was highly selective and recognized only assembled AAV particles.
Although affinity chromatography methods are highly selective and amenable to scale-up, they are more expensive than other methods, and furthermore, the cleaning-in-place of the resin is very restricted. Additionally, they are serotype specific, which precludes application of the same process to all AAV serotypes. 42 Consequently, much effort has been invested in the development of ion exchange chromatography processes that can be adapted for all AAV serotypes. Brument et al 42 describe a sequence out of cation or anion exchange chromatography to purify AAV vectors of serotype 2 and 5 without compromising its structural integrity or infectivity.
The purity of the preparation was higher and the activity was similar to particles isolated with traditional centrifugation methods. Similar methods have been used to purify potent AAV-8 vectors for clinical use. 36 Some procedures have required pretreatment of cell lysates with nucleases prior to chromatography, 37 while others have by-passed this step in favor of a more simplistic approach. 35, 36, 42, 43 Safety issues and regulatory guidance A discussion on downstream purification of viral vectors and vaccines is not complete without addressing the critical issue of biosafety. Concerns vary by vector type, but may include risk of contamination by adventitious agents, toxicity, immunogenicity, activation or deactivation of oncogenes or tumor-suppressing genes, and development of replication-competent viruses. Indeed, at least partially because of safety concerns, nonviral, plasmid vectors have become increasingly desirable as gene therapy vehicles; plasmids or naked DNA currently constitute 15.9% of all gene therapy clinical trials (see Table 1 ). 45 This guidance note should be read in conjunction with relevant European legislation and other guidance notes as listed in the above document. In summary, guidance note CPMP/BWP/3088/99 calls for full documentation on the developmental genetics, production, purification, product characteristics, and consistency and routine batch control of the final processed gene therapy product. In addition, the guidance note calls for the provision of such items as the scientific rationale with regard to the choice of the viral vector with reference to the proposed clinical indications, including tissue tropism, transduction efficiency in the target cell population, the presence and maintenance of the viral gene sequence(s) important for anti-viral chemotherapy of the wild-type virus and the tissue specificity of replication. The note stresses that the main safety issue associated with the use of replication-deficient viral vectors concerns reacquisition of replication competency through recombination or complementation with contaminating viral nucleic acid sequences, and states that the strategy taken to render the viral vector replication deficient should be clearly documented. In the case of employing a replicationcompetent vector, even more detailed documentation is specified.
In November 2004, FDA released a draft guidance to industry titled 'Content and review of chemistry, manufacturing and control (CMC) information for human gene therapy IND applications'. 46 It states:
ywe recommend that you, a sponsor, provide a detailed description of where and how the gene therapy product is manufactured. Include all of the components used during the manufacture of the gene therapy product, such as vector, cells or cell bank systems, and any reagents or excipients. In addition, describe all procedures used during the manufacturing process. Examples of these procedures may include production and purification of the vector, preparation of ex vivo gene modified cells, and final formulation of the product. This information will allow us to assess the identity quality, purity, and potency of your product. For further information, refer to the 'Guidance for Human Somatic Cell Therapy and 49 A review by Borellini and Ostrove 50 discusses recommended quality assurance and safety testing programs from early product development through preclinical toxicology and pharmacokinetic studies, and serves as a useful complement to the governmental guidelines.
Concluding remarks
As our fundamental understanding of viral biology increases, we should see improvements in the types of downstream purification schemes used. For example, identification of virus-specific ligands would allow for more affinity-based purification systems to be developed, possibly broadly applicable to the purification of vectors derived from different virus backgrounds.
Significant advances in the design and construction of safer and more efficient viral vectors are taking place, but coupled with that, there is a need for more research directed toward the design of packaging cell lines that efficiently complement the necessary viral functions and for a significantly improved understanding of culture conditions that promote higher yields of vector production. Lyddiatt and O'Sullivan 3 argue that strategic consideration should be given to the design of appropriate separations systems in tandem with the development of vectors and producer cell systems.
The field of gene therapy continues to witness great progress. Recently, for example, researchers discovered a way to overcome one of the major hurdles in gene therapy for cancer: its tendency to kill normal cells in the process of eradicating cancer cells. 51 Gene therapy based on the described technique should be effective for a wide range of tumors because the virus is constructed to exploit a characteristic of all solid cancers. This and other advances will mean an ever-growing need to optimize the downstream purification of viral vectors for preclinical and clinical testing.
